We solve the statistical-dynamical equations of an asperity model to obtain both the time-dependent seismicity and the stationary seismicity with its associated magnitudefrequency relation. The parameters of the model are chosen to reproduce the seismicity of the Oaxaca region on the western coast of Mexico. The observed enhancement of the seismicity in the high magnitude range is well reproduced, and the calculated b-value of about .7 is also acceptable. The predicted features of the time-dependent seismicity are as follows: there is an enhancement of the small scale seismicity immediately following a characteristic earthquake. This enhancement approximately doubles the rate of occurrence of small events relative to the stationary values. Both intermediate and characteristic earthquakes present a gap with a subsequent enhancement of the seismicity superior to long term averages. There are strong correlations between the characteristic and intermediate seismicities, indicating that the latter have premonitory value.
INTRODUCTION
One of the problems of greatest relevance to seismology is that of seismic recurrence (Hagiwara 1974; Udias & Rice 1975; Rikitake 1976; Bufe, Harsh & Burford, 1977; Shimazaki & Nakata 1980; Bakun & McEvilly 1984; Utsu 1984; Nishenko 1985; Lomnitz 1986 ). This problem may be posed in the following way. Given a sequence of seismic or related events over a period of time, we wish to estimate the probability that the next earthquake with certain characteristics will occur at a given time and place. The most direct solution is of course to collect the data for the region of interest and to tabulate the two-earthquake correlations, three-earthquake correlations and so on. This has been carried out in a number of regions (Utsu 1984; Bakun & McEvilly 1984; Lomnitz 1986 ) but difficulties remain, associated with the sparcity of data for any region of interest.
Let us look for example at the case of Japan, where the two-earthquake correlations have been discussed for a number of regions by Utsu (1984) . We see that the largest data set of the six regions he describes contains 11 earthquakes, and that the scatter of the data is considerable, making the assumption of strict periodicity unacceptable. Eleven pieces of data may be sufficient to obtain an estimate of the two-earthquake distribution, but there is the further complication that for many historical earthquakes the assignment of an earthquake to a specific geographical region is not clearcut, and this indeterminacy can have strong effects on the resulting distribution, as one may observe in the above mentioned paper.
The complications which one notes in the case of Japan will in general increase when the same techniques are applied elsewhere, since few regions can match the historical records of the old world whose catalogs span periods ranging beyond the millenium. The catalogs of the American, Australian and large parts of the African continents are limited in time to periods of five centuries or less, depending on the population density of the region of interest, with the consequence that even the determination of the two-point correlation is badly determined. Finally, even in Japan or China such data sets are insufficient for a determination of three-point correlations.
Given these limitations, it is useful to supplement data with theory, modelling certain aspects of the dynamics with whatever information is accessible and using these to predict those features of the seismicity which are observationally beyond our reach because of historical constraints. This is the approach which has been followed in this paper. Firstly, we constructed an asperity model capable of generating major events with the necessary geometrical complexity, and whose theoretical magnitude-frequency relation presents a characteristic earthquake peak at large magnitudes (Lomnitz-Adler 1985b) . This model was formulated in such a way as to reduce the number of variables in the problem and allow us to carry out a statistical-dynamics calculation (Knopoff 1971; LomnitzAdler 1985a) . The structure and the results of this calculation are presented in this paper. Models of fault dynamics range from the very simple to the very complex, and the choice of the model which one uses depends to a great extent on the properties which one wishes to describe. There are what we might call fine structure models which include a detailed elastodynamical description. These are capable of predicting features on time scales as short as seconds and are appropriate for the computation of synthetic seismograms. The mathematical complexity of the problem is such that only the simplest geometries for the region of slip can be dealt with in this manner, and these models generally have little to say about intervals longer than the relaxation time of an elastic solid of the appropriate dimensions. On the other extreme we have some very simple models whose only preoccupation is with long-term properties of a seismic system whose range of description is limited to major events (Bufe et al. 1977; Shimazaki & Nakata 1981; Bakun & McEvilly 1984; Nishenko 1985) .
In this paper we wish to obtain a description of the intermediate and long-term properties of the seismicity. That is, we wish to describe intervals which range from, say, one day to thousands of years, and we wish the model to be sufficiently realistic to describe the observed complexity of the rupture mechanism of major events. At present there are two popular models which can do this job, known in the literature as barrier (Aki 1979) and asperity (Kanamori 1981) models. These two models are in a sense complementary, since they stress opposite aspects of the dynamics of the main event. The barrier model emphasizes the stopping mechanism of a large event, and is better suited to describe aftershocks and the transients observed after the occurrence of the main shock, while the asperity model is more preoccupied with the seismic trigger and is expected to be a more faithful description of the processes which lead up to a catastrophic rupture (Aki 1984) . Our principal interest in this paper is to present a description of seismic recurrence and seismic premonitors, and we have opted for an asperity model type of description. We shall find that the asperity model described in Lomnitz-Adler (1985b, c) , where the size of the region of rupture was determined by means of percolation theory, already contains some features of the barrier model. This is reflected in the fact that aftershock sequences are predicted, although they are not realistic.
The paper is organized as follows: In Section 2 we present a brief discussion of the asperity model which we will use, and of the statistical dynamical equation. Section 3 is a technical section devoted to describing in detail the calculations and may be skipped in a first reading. In Section 4 we discuss the seismicity and tectonics of the Oaxaca coast in western Mexico and the determination of the model's parameters. In Section 5 we present our results and Section 6 contains a discussion.
THEORY
To carry out a time-dependent calculation of any property, whether statistical or deterministic, it is necessary to have two ingredients: a dynamical equation which describes the evolution in time of the quantities of interest given a system's dynamics, and a model for the dynamics themselves. In this section we present a brief review of these theoretical elements.
The dynamical equation which we have used was first obtained by Knopoff (1971) and the time-dependent properties of the solution were obtained by the author (Lomnitz-Adler 1985a) . In this approach, which we call statistical dynamics, one considers as the fundamental quantity of interest the probability density f(G, t) which describes the likelihood that the system under study be in the state 0 at a time t. The variables 0 are macroscopic variables which describe the state of the entire system, and in this case they will be a loading stress u and a free surface a. The philosophy behind this approach is that the physics of the fault is too complex to allow for a deterministic description (in fact not even all of the relevant variables have been determined) and so a realistic description must take into account our essential ignorance of the detailed process. This is taken into account by our use of probability distributions as the dynamical variables rather than the state variables G themselves.
The dynamics is introduced by means of two quantities, ji and K(G; 0'). Since the systems which we are dealing with are open, that is to say they can exchange energy with the outside world, they generally change in a continuous fashion in the absence of rupture. p, is the rate with which the variable a, changes in time in such a case. It generally depends on the variables 0, but in this calculation we have assumed a constant loading rate.
In the same way that fi describes the evolution of the system in the absence of a catastrophic event, K ( 0 ; 0 ' ) describes the effect of the earthquake on the state of the system. If we observe the system for a short interval dt, K ( 0 ; 0') dt is the probability that, if the system was initially in the state 0' it will have ruptured to end in the final state 0 during the interval. Another quantity of interest is the integral of K over the final states, Q(5') = h S K ( 0 ; 0 ' ) which is interpreted as the rate with which a system in the state 0' ruptures to any final state. Having defined these quantities we write the equation of motion for the probability density f(0, 1). (2.2) which tells us that the rate of change in the probability density at the point 0 is equal to (a) the difference between the amount of probability which flowed in and that which flowed out in a continuous fashion, represented by the gradient term, and (b) the amount of probability which was carried in from other states by means of earthquakes (the integral term) minus the probability which was transferred out by the same means. This last is associated to the Q term in the equation.
The asperity model which we will use has been described in detail in Lomnitz-Adler (1985b, c) . In this model a seismically active region is broken up into a number of almost independent major faults, following Mogi (1968) and Sykes (1971) . Each of these independent faults is in turn composed of a large number of elementary faults, or faultlets whose linear dimensions are of the order of 0.1-0.4 km. These faultlets can be in one of two states, 'free' or 'locked'. If a typical faultlet ruptures it simply changes from being in the locked state to being free, while a rupture which begins at an asperity involves the entire free surface linked to this asperity. The entire linked surface changes from being free to being locked.
The variables which define the system are the total loading stress u and the proportion of surface which is free, a. The kernel K(o, a ; (J', u') may be expressed as a sum of two terms: the first, K, simply describes the effect of the rupture of a typical faultlet, in which the free surface increases by the ratio of faultlet surface to total fault surface. The second, K , describes the effect of an asperity and its effect is to diminish the free surface by an amount proportional to the total slip. In both cases the stress drop is considered to be the amount of stress which was applied prior to rupture to the faultlet which initiates the fracture. Finally, we must fix the rate at which these two different kinds of rupture occur. We shall assume that the rate of rupture of a given type is proportional to the number of faultlets of this particular type which can rupture.
Fractures which are initiated by an asperity have a region of slip which contains many faultlets and which we describe as a cluster. We considered clusters of all sizes and to determine their size distribution we used percolation theory with the following results: For very small values of the free surface the clusters tend to be very small, and as we approach a critical value a, = 0.44 we get larger and larger clusters. When a > a , there exists a percolating cluster whose dimensions are comparable to those of the entile fault, and which rapidly contains most of the free surface.
As a consequence, in the intermediate-to high-magnitude range the magnitude-frequency relation was predicted to consist of two parts. In the intermediate range we expect a power law of Gutenberg-Richter type, whereas in the high-magnitude range we expect a local maximum in earthquake frequency. The values of the magnitude at which this maximum occurs are associated to the dimensions of the fault itself, and for this reason we consider these earthquakes to be 'characteristic'. We mention that the derivation of the magnitude-frequency relation of the previous articles contained an error in the computation of the 6-value of the Gutenberg-Richter part. This error is corrected in the appendix.
One point which we should make before continuing to the next section is that the dynamics of this asperity model are dominated by the geometrical variable a which may only increase by means of many small, typical events. As a consequence of this, the model predicts a second maximum of the magnitude-frequency relation, this time at low magnitudes. This feature of the asperity model will be discussed in greater detail in Section 6.
CALCULATIONS
In this paper we are solving numerically the statistical dynamical equation. To this author's knowledge, this is the first time that this is carried out, and for this reason we are describing the computational details in some detail. The casual reader is recommended to skip this section.
In Lomnitz-Adler (1985a) we discussed the solution of the statistical dynamics equation in terms of its eigenvalues and eigenfunctions. This approach is appropriate when we wish to describe formal properties of the solution and may sometimes be applied to simple examples, but as a general rule it is not a feasible numerical technique for the following reasons. Firstly, realistic fault models will tend to have more than one system variable. This means that the number of components in the discretized density function will tend to be large. In our case, with only two system variables u and a we found that it was necessary to have a minimum of about 450 components. While this number is relatively small when compared to the number of components which are routinely used in atomic or nuclear calculations (which also involve matrix diagonalization), there is a further complication due to the lack of symmetry of the matrix. In fact, diagonalization routines for non-symmetric matrices run into a number of problems, including loss of precision and the inexistence of some of the eigenvectors.
To avoid these difficulties we opted for the more pedestrian approach of simply making the system evolve in time until equilibrium was reached, and since the kernels K,, K, have a complicated structure, we found it was necessary to discretize the variable space for a numerical solution. We defined an initial density function f(i, j ; t = 0) on a discretized space where i, j are the stress and freesurface coordinates respectively and using equation (2.2) we made the function evolve one time step At. The process was iterated until convergence to the stationary function g(i, j ) was reached. In carrying out the evolution of the probability density f, it was found that a variable time step was of use in the acceleration of convergence due to the fact that initially, when the function f is very far from equilibrium, one may require a very small time step while the interval before convergence is reached may run into hundreds of years. Our typical calculations used three different time steps, of one, 10 and 100 days depending on how far the density f ( i , j ; t) was from the equilibrium density g ( i , j ) .
We used two different initial densities f : the first is one which contains the same amount of probability in every volume element, while the second initial probability density is the one obtained immediately after a characteristic earthquake. Both distributions eventually converge to the same final distribution g ( i , j ) as expected.
The free-surface variable was discretized into a regular array with equidistant mesh points, while for the stress variable we used an exponential mesh in which the k-th grid point is located at the stress value a, = U~( A~) ' -~.
(3.1)
The unconventional discretization of the stress variable was dictated by the fact that the drops in loading stress generated by the model are always of the order of the faultlet size and proportional to the loading stress itself. By using the discretization (3.1) it was possible to express each of the kernels K,, K, as products of three terms, reducing the dimensionality of the matrices which we needed to store. The final form of the kernels is given by,
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These kernels are defined on a discrete set of stress and free-surface values. The functions x, p, describe the transitions in the stress and free-surface variables respectively, the second (primed) index refers to the initial state and the first (unprimed) index refers to the final state.
Both matrices are normalized to one when summed over the first index.
The matrix x is the same for both kernels and has a particularly simple form,
where A is the ratio between the surface of an elementary faultlet and the area of the entire fault, and 6 is the Dirac delta function. The seismicities Qi are given as a product of three factors Qi(u', a ) = QoA,Q; with Q = d(s),
The function d(s) is the strength distribution of the elementary faultlets. For a given value of the free surface a, s(a) is the minimum value of the strength for which locked faultlets still exist. The effective stress 5 is the stress felt on the locked faultlets, assuming that this stress is evenly distributed among them.
Although in the original papers the strength distribution was thought of as bimodal, observed stress drops do not support this hypothesis since the stress drops associated with The overall factor Q, is a free parameter which was fitted to reproduce gross properties of the seismicity as we shall see below.
We now continue with the matrices pi. The first kernel, K, describes the case in which a single typical faultlet ruptures, with an associated p of the form
The kernel K2 is associated to complex ruptures which are initiated by an asperity, in which case we have a decrease in the free surface which may range from one faultlet to the entire free surface. The function p2 is the probability that, for an initial free surface a', the final free surface be a (and the region of slip have a surface of a' -a ) .
This kernel is constructed by means of the function A(a, m): the probability that, for a given free surface a, any given asperity belong to an m-cluster. A was obtained in the previous papers referred to above and we will not discuss it here. The relation between p and A is where the restricted sum runs over all values of m such that
p2 was found to depend on only one parameter f which is related to the geometry of the fault surface. For example, if the faultlets are arranged in a triangular array the corresponding value o f f is 0.9069, whereas a square lattice has an f value of 0.7854. This value of f was left as a free parameter, but our results are insensitive to it. In Fig. 3 we show the magnitude frequency relations generated by finite clusters for three different values o f f ranging from 0.95, that is a denser covering than the triangular array, to f=0.65, which is almost as sparse as a hexagonal lattice. It is quite The part of the function Q(u, a ) which is common to both Q , , Q, (i.e. the part which is independent of the number of asperities P,) for the parameters shown in Table 1 . Dark areas correspond to regions of large Q.
clear that the three distributions are almost indistinguishable, with differences in the b-values of less than 10 per cent. The data shown in the next section are not of sufficient quality to distinguish between these curves so we opted for a value f = 0.85 which lies in the middle of the range between triangular and hexagonal. These are all of the parameters of our calculation. They are shown in Table 1 , along with their numerical values. We stress that many of these parameters were fixed at the beginning of the calculation, and that some of the most outstanding features, such as b-value and the width and location of the characteristic peak in the m a g n i t u d h frequency relation are independent of the free parameters. These (Qo and P,) were determined from easily observable quantities: the average interoccurrence time between characteristic earthquakes and the normalization of the Gutenberg-Richter relation of the intermediate events.
Among the results of our calculation we analysed M, = k 6oA3"; A = mA; M , = B + 213 log (Mo), (3.10) where Mo, A and M, are the seismic moment, the area of slip and the magnitude respectively (Brune 1970; Kanamori 1977 ). The magnitude which we used is M, as defined by Kanamori (1977) . The parameter k in the above expression depends on the specific geometry which is assumed for the area of slip, but always remains within the same order of magnitude. We have used k = 16/7n which approximates the geometry of the slip as circular. The resulting expression for the magnitude is h?(u, A) = 3.47 + 213 log (8 6~/ 7 n ' '~) + log (A) (3.11) which compares favourably with the empirical expression obtained by Utsu (1961) ,
(3.12)
The magnitude-frequency relation is now given by
The integrals in this expressions are transformed into sums in the discretized case. Because of A's strong variation near the critical density a, = 0.44 we found it necessary to use a finer mesh in the a integration in (3.13) than we had required elsewhere.
Time-dependent properties such as the seismicity are averages which are taken at different times. For example, the total seismicity is the average of Q, (3.14)
Similarly the weak, characteristic and intermediate seismicities are the averages of Q l , and Q2 with the restrictions that the clusters do or do not percolate.
O A X A C A
In this section we present a brief discussion of some data for the Oaxaca region. Some of this data will be used to determine some of the parameters of the calculation, in which case we will show how the parameter values may be extracted. Seismicity data will be compared with the results of our computations.
The state of Oaxaca is on the south-western coast of Mexico. Following Singh, Rodriguez & Esteva (1983) in this paper we will be considering the region comprised between 15"-17.5"N, and between 95"-98.4"W.
Parallel to Oaxaca's coastline lies the Middle-American trench which is a boundary between the Cocos and North American plates with a rate of convergence u between the two plates determined by Minster & Jordan (1978) to be about 7 cm yr-'.
The velocity can be related to the rate p at which stress is being loaded onto the system. We assumed a constant loading rate for the stress, which was determined from the convergence rate of the Cocos and North American plates at Oaxaca, the local rock's shear modulus and the oceanic plate's thickness.
where v is the shear modulus and L is the plate thickness. The shear modulus was obtained from the shear-wave velocity (c = 3 km s-l) and the density of the material (p, = 4 g cm-').
The plate thickness we do not have any definite way of determining, since it is the width which the plate would have if it behaved as a perfectly elastic solid. We assumed a thickness of 20 km, but in fact the results of the calculation are completely insensitive to this parameter as we shall see in the next section.
As we mentioned in the introduction we consider the interplate boundary to be composed of a number of almost independent major faults. The characteristic size of these faults can be determined independently of the magnitudefrequency relation, either by means of spectral analysis (Nava, Toledo & Lomnitz 1985) , or from observations of gravity changes in the region following a major event (De la Cruz-Reyna, Mena & Espindola 1982). Both estimates agree in the general order of magnitude, and we have taken the dimensions of a major fault to be approximately (50km)'. Using these dimensions we expect to have approximately ten major faults in the Oaxaca subduction zone, leading to an average interoccurrence time between characteristic earthquakes of approximately 50 yr.
On the smaller end of the length scale we have also assumed that there is a typical size associated with the elementary faultlets. The elementary fault's surface may be estimated by means of the spectral analysis of aftershock seismograms, as we showed in Lomnitz-Adler (1985~) . In different regions one obtains different values of the faultlet dimensions, but always in the same order of magnitude. For example, for the Huajuapan earthquake one obtains (Nava et al., 1985) a mean value of (0.4 km)2, for an earthquake cluster in Baja California (0.3 km)' (Munguia-Orozco 1983) , and for the Mammoth Lakes district in California the typical size appears to be (0.1 km)' as found by Archuleta et af. (1982) .
We are aware that there are uncertainties involved in the determination of these values, and that there is a possibility that the inferred typical faultlet size may be an observational effect rather than a property of the source. An independent method of determining the smallest length scales was developed by Okubo & Aki (1987) who found an elementary faultlet dimension (A = (0.3 km)') for the San Andreas fault system. This value again is of the same order of magnitude. We have used the faultlet dimensions extracted from the data of Nava et a/. (1985) , keeping in mind the possibility that this parameter has some uncertainty.
From this data we have already determined the two characteristic dimensions which appear in the model. The average and the spread in values of the stress drop are the parameters sB and sw, which characterize the strength The two remaining parameters Q, and P, were fixed by fitting gross properties of the magnitude-frequency relation. We asked for an acceptable fit to the slope of the M-F relation of intermediate events and required that the average interoccurrence time between characteristic earthquakes be of about 50 yr, as discussed above.
The time-dependent seismicity of the region is more difficult to determine empirically, but a general pattern may be extracted from data already present in the literature. In Table 2 we have tabulated the information on earthquake recurrence times presented in Singh, Astiz & Havskov (1981, table 5). We see that there are eight intervals, with an average interval of 44 yr. Of these eight intervals three lie in the 36-40yr range, two lie in the 30-35yr range, and three are intervals greater than 45 yr.
With this we conclude our survey of Oaxaca. In the next section we present the results of our calculations and compare them with the empirical seismicity. et al. (1984) . In these papers it was found that the magnitudefrequency relation of the region presents a well defined bump in the high-magnitude range which we associate with characteristic earthquakes. In the Oaxaca region this maximum has been found to lie in the 7.5-8.2 magnitude range. We mention that Singh et al. have used the M, magnitude scale, whereas we compute M, magnitudes. We shall assume that they are equal.
RESULTS
In this section we discuss the results obtained from the calculations described in the preceding sections. Long-term properties of the system were computed from the stationary density g ( i , j ) , which is shown in Fig. 4 . This probability density corresponds to the parameters shown in Table 1 and has the following features. There is a fairly sharp drop in probability as the free surface increases through the critical 
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F i i 4. The stationary distribution g(u; a ) associated to time averages involving infinite times. Dark areas correspond to regions of high probability. Note the accumulation of probability right below the critical free surface a = 0.44.
value of a, = 0.44. There is also a small increase of probability immediately below the critical value of the free surface. The reason for this effect is that once the system percolates it rapidly becomes possible to reduce the free surface to essentially zero by means of a single seismic event. For the same reason there is an accumulation of probability right below the critical density since at this point the tendency of the typical ruptures to increase the free surface, and the decrease in free surface induced by intermediate events offset each other. This particular calculation has a large number (65) of asperities, which means that as soon as the free surface is greater than the critical value there is a high probability that the system will rupture catastrophically.
The stationary distribution shown in the figure has a very large value for the average stress (383 bar), a number which should be of the order of sB. This unpleasant feature cannot be modified without destroying the agreement with the observational magnitude-frequency relation, and is a consequence of the emphasis which the asperity model places on the fault's geometrical properties to the detriment of the stress variable. We shall discuss this in greater detail in the following section.
The most interesting long-term property of a system is the magnitude-frequency relation, and this is shown in Fig. 4 , and the dashed line is obtained by rescaling g(u, n ) such that the average stress of g is equal to sB = 30 bar.
frequency relation does not agree quantitatively with the data because it is shifted towards high magnitudes, and this is due to g(i, j)'s overestimate of the loading stress, and thus of the stress drop. If we correct for this anomaly by shifting the average stress drop from 383 to the average stress obtained from the distribution ( 3 . 9 , (s) = 37 bar, we obtain the magnitude-frequency relation which we have plotted with a dotted line on the same figure. A pronounced peak is predicted at low magnitudes which is absent in the data. We believe that it is a consequence of the way in which the asperity model is formulated since the model is constructed such that the only way in which the free surface can increase is through the occurrence of small events which only affect typical faultlets. Of course, this peak may persist after the dynamics have been improved. Should this be the case, the observation of this peak in the magnitude-frequency relation would be an independent confirmation of the existence of the typical faultlet size.
Having discussed the time-independent properties of the seismicity we proceed to discuss time-dependent properties of the system. We first look at the period immediately following a characteristic event, and begin with Fig. 6(a) , where we have plotted the time-dependent seismicity of small events, following an initial characteristic earthquake. It is apparent that although aftershocks are observed, in the sense that there is an enhancement of the small-scale seismicity, the details of the computation do not agree with our expectation of the behaviour of a seismically active region following the occurrence of a major event. To begin with, the number of aftershocks is too small and the rate of decay in aftershock activity is slow, being of the same order as the interoccurrence times between great events.
Another anomaly associated to the transient period following a characteristic earthquake is observed in the intermediate seismicity arising from 'finite' clusters. In Fig.  6(b) we have plotted the rate of occurrence of intermediate events. The predicted curve shows a quiescent period in the intermediate seismicity lasting some thirteen years which is not observed.
These discrepancies are not unexpected in asperity models, which are designed to reproduce the initial rather than the final stages of a seismic rupture (Aki 1984) . Indeed, the description of the system at later times, as well as the description of the time-dependent behaviour of the characteristic seismicity, is considerably better.
In Fig. 6(c) we show the rate of occurrence of characteristic events. It has a stationary value of 0.0186 events per year, corresponding to an interoccurrence time of 54 yr, which was fixed to fit the data. There is a well defined gap lasting about 17yr, rising to a clear maximum, 50 per cent bigger than the average seismicity and which occurs at an interval of T, =37yr. There are two subsequent oscillations with a second maximum occurring a little later than twice the original one indicating that this system is fairly periodic since the third event which follows the initial earthquake at t = 0 still preserves some memory about the time when this 'zero-th' event took place. The fact that the maximum occurs 37yr after the initial event is in good aggreement with the observations shown in Table 2 , where we see that half of the observed intervals for the region are less than three years away from this value. We should mention that for periods less than about T,+(gap interval) = 54 yr the characteristic seismicity corresponds to the interval distribution function. Returning to Fig. 6(b) , we note that the intermediate seismicity also has a very pronounced maximum at the interval T* = 34.8 yr since the initial event, about two years before the characteristic seismicity has its maximum, indicating that the occurrence of such an event may have premonitory value.
One question which is of some importance is whether the predictions are stable with respect to variations in the parameters. Specifically, is it not possible to construct a model with the same overall seismicity in large magnitudes but with a different value for the resulting gap, so that the resulting peak in characteristic is sharper, or moved to a different interval? We have carried out calculations with very different parameter sets, which reproduce the overall characteristic seismicity and have found that if the number of characteristic events is roughly the same, then the general features of the characteristic seismicity will remain unchanged.
The characteristic seismicity is controlled by various competing mechanisms. The first is that 'after a major event there is a recovery period which depends almost completely on Q(,. Once the system has a free surface which is greater than the critical value of 0.44 characteristic earthquakes can occur, and their rate of occurrence is proportional to the number of asperities. However, as the number of asperities increases then so does the rate of occurrence of intermediate events with a corresponding drop in the system's free surface. These different effects conspire to broaden and center the first peak in such a way that if the average characteristic seismicity is grossly reproduced, the time dependent properties will be roughly the same.
DISCUSSION
As we have just seen, the maxima of the intermediate and characteristic seismicity are two years apart. In fact the form of these correlations agrees well with what is known about foreshocks, since an increase in the medium-range seismicity is indicative of a high state of preparedness of a fault, as shown in Keylis-Borok & Malinowskaya (1964) and Suyehiro (1966) , but of an erratic nature since a large proportion of major events are not preceded by an intermediate shock (Von Seggern, Alexander & Baag 1981) . According to our model the coincidence in the intermediate and characteristic seismicity is purely kinematical since the states which permit the occurrence of an intermediate event are few, and they occur immediately before the system makes the transition to being prepared for a catastrophic rupture.
The fact that our calculations are able to predict a gap, in the sense of a recovery period during which no major events can occur on a given major fault, is also an indication that part of the fault's dynamics are well described. These gaps have been observed in a number of places (Mogi 1968; Sykes 1971) including the western coast of Mexico (Kelleher, Sykes & Oliver 1973; Singh et al. 1980; Singh et al. 1981; Le Fevre & McNally 1985) . The predictive value of observing that a gap exists in a certain region is limited because the data of occurrence of the subsequent event is not sharply defined. The 'dangerous' period for a given fault is likely to be the first peak in characteristic seismicity whose width is roughly 20yr. In other words, a gap of the appropriate interval is only an indication that the system has had sufficient time to prepare for the next major event, and although the most likely interoccurrence time is 37 yr, the dangerous interval spans the period between 27 and 48 yr.
We note that, even in those faults which are considered t o be extremely periodic, such as Parkfield, the scatter in the data is of this order (Bakun & McEvilly 1984) . The minimum preparation time for the system which we have calculated is about 17 yr.
The numerical results presented in Section 5 are a good example both of the strengths and limitations which are expected in asperity models. As pointed out by Aki (1984) , asperity models are expected to yield a good description of the system immediately preceding a seismic event, whereas it is not expected to reproduce the period which follows a major event. We believe that the limitations of the asperity model arise from the fact that this mechanism is not directly related to the actual elastodynamics of a seismic rupture and that the free surface is a simplified way of modelling a form of coupling between faultlets.
The principal approximation of an asperity model is to consider as the dominant feature of the fault's dynamics a coupling of the faultlets into one macroscopic region of slip.
Alternative models tend to support this view, as in the case of the model proposed by Newman & Knopoff (1982 , 1983 in which, although many other factors are in principle considered, and no typical faultlet size is assumed, the periodicity of the fault is principally determined by the degree of coupling present on the fault surface. We mention that the use of a single strength distribution for both typical faultlets and asperities is consistent with the interpretation that the model is simulating a form of effective coupling. At present the connection between the free surface and the usual variables which appear in seismic models, such as the stress, is not at all clear. To correct for the overestimation of the loading stress and the anomalously large number of predicted small events which we noted in the previous section, it is probably necessary to develop a theory which links these two variables.
To conclude, we have solved the statistical dynamics equations for an asperity model which incorporates the geometrical aspects of the fault's dynamics. The magnitudefrequency relation of Oaxaca is well reproduced by this model, as are those features of the time-dependent seismicity associated to long times or large events, for example gaps, interoccurrence times and the scatter of interoccurrence times around this most likely value. Intermediate events show a statistical behaviour very similar to that of foreshock activity. For shorter times and smaller events the description is less appropriate.
APPENDIX
In this appendix we derive again the Gutenberg-Richter part of the magnitude-frequency relation generated by the asperity model described in Lomnitz-Adler (1985b, c) . In these papers we presented arguments involving a method of steepest descents (MSD) approach for setting the b-value of the resulting G-T relation to b = 1. The application of the MSD can be a tricky affair, and in this appendix we use the scaling function obtained by Leath (1976) to find the asymptotic value of the magnitude-frequency relation.
The G-T part of the magnitude-frequency relation is given by the integral 
